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T~e mai~ task·of a wheat breeder in a world faced wi~h,food 
shortages is to incre~se grain yield potential to help insure an 
abundant and continuous food supply to meet the growing h~man require-
ments. 
Genetice, has beel,l a major and powerful factor contributing to 
yield improvement and stability of grain yield in.wheat. A better 
' ' 
understandi~g of the mechanisms of inheritanc;e,for .;igronomic charactera. 
is essential if further improvements are to be attained. Knowledge of 
the type of gene acti<;m involved in. the expression of quantitative 
characters such·as grain yield would be use~ul in planning efficient 
breeding programs that could lead to substantial increases in yielding 
potential of wheat c~ltivars. 
Th~ second chapter of this thesis, concerns the detection of 
various types.of gene action but emphasis is placed on epistasis in the 
genet~c control of quantitative characters of agrono~ic,importance; 
Non-allelic interactions have long been neglected or assumed of minor 
importance in previous research. Now that advances ,in genetics have 
been realized, such simplifying assumptions should be carefully 
examined and, their validity tested by experimental data. Should 
epist;asis be detect;ed for certain important characters, the magnitude 




In the third chapter, heritability estimates from a cross involv-
ing two winter wheats of diverse origin and plant type are reported. 
Procedures are.discussed that determine not only the type but also 
the magnitude of gene action iq terms of additive, dominance and 
digenic interaction effects for several agronomic traits. 
A somewhat similar procedure of analysis is used in the fourth 
chapter to evaluate the validity of the conventional additive-dominance 
model using data from two crosses of winter wheat. 
Character associatiqn in a cross of winter wheat will be discussed 
in the fifth chapter to elucidate interrelationships among grain yield 
and related traits. Characterization of these relations4ips should 
provide valuable information on the choice of efficient selection 
procedures for the conce~ned characters. 
Chapters II, III, IV, and V will be presented in a form acceptable 
to the Crop Science Society of America • .!./ The same.format is currently 
being adopted in most professional journals. Chapter VI is a general 
summary of the four studies. Additional data pertaining to Chapter II 
are presented in a tabular form in the Appendix. 
1Handbook and Style Manual for ASA, CSSA, and SSSA Publications~ (1971). 
CHAPTER, II 
Detection of Epist~tic, Additive, and Dominance 
Variation in Winter Wheat 
(Triticum aestivum 1.) 1 
ABSTRACT 
Most genetic.studies with plants have assumed the absence of 
epistasis without,substantiating this assumption. Our.objectives were 
to determi~e whether epistasis is a significant part of the genetic 
systems for selected tl;'aits. among several winter wheat (Triticum 
aestivum 1.) cµltivars and.to evaluate the import~nce of additive and 
dominance gene action for traits not influenced by epistasis~ In each 
of two replicated experiments, two cultivars (refel;'red to as.lines 11 
and 12) and their F1 (13) were crossed to each of 10 cultivars used as 
testers. The deviations (tester X 1 1 + tester X 1 2 - 2 tester X 13) 
were analyzed to provide a test for epistasis. An additive-dominance 
model was fitted to the data for those characters not affected by gene 
interactions .• 
Results of the two experiments were largely consistent with 
respect to the detection of epistasis. Non-allelic interactions affect-
ed the expression of heading date, kernels/spikelet, and grain yield, 
but not of plant he~ght~ protein cont~nt, tiller number, spikelets/. 
1 To be submitted for publication. 
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spike, and kernels/spike in both experiments. Epistasis was indicated 
for kernel weight in one experiment but not the other. Expression of 
epistasis was influenced by the testers used indicating that a limited 
number may be insufficient to detect non-allelic interactions for a 
character within a particular species. 
Additive gene action was predominant in both experiments for 
protein content, spikelets/spike, and kernels/spike suggesting that 
improvement of those characters can be achieved through standard 
selection procedures. Evidence for dominance gene action was obtained 
for plant height and kernels/spike in one experiment. 
The results of this study indicated that epistasis may be a non-
trivial factor in the inheritance of agronomic traits. Genetic models 
neglecting epistasis may be biased to an unknown extent. 
Additional index words: Heading date, Plant height, Protein content, 
Yield components, Grain yield, Gene action. 
Choice of the most efficient breeding procedures depends to a 
large extent on knowledge of the genetic systems controlling the 
characters to be selected. Simple genetic models assume additivity of 
genetic effects over loci. We maintain that more realistic models 
should be used to account for epistasis in addition to additive and 
dominance variation. Cockerham (6) suggested that the frequent 
occurrence of non-allelic interactions in qualitative traits implies 
their existence in quantitative characters. 
Much of the information on epistasis stems from studies in cross-
pollinated crops, probably because of the major role of heterosis in 
those crops and the possible relationship between hybrid vigor and 
epistasis. Comstock and Robinson (8) indicated that non-allelic 
interactions might inflate the average degree of dominance by 10 to 
5 
25%. The importance of epistasis on the expression of several agronomic 
traits has been reported in a number of instances. Gorsline (10) found 
epistasis was a part of the genetic system controlling grain yield and 
nine other characters in corn (Zea mays L.) populations. Sprague et al. 
(16) also indicated that epistasis may influence yield in corn. Studies 
in several other crops tended to indicate that epistatic gene action is 
a nontrivial factor in the inheritance of agronomically important 
characters. However, contrasting results have been obtained on several 
occasions. Burton (3) found that epistatic gene action had very little 
effect on forage yield in pearl millet (Pennisetum typhoides Burm.). 
Stuber and Moll (17) detected epistasis in certain combinations of corn 
lines, but the contribution of epistasis to total genetic variance did 
not reach 10%. 
Lack of information on interallelic interactions in winter wheat 
6 
(Triticum aestivum L.) warrants a study on the role of epistatic gene 
action. However, this should not be the sole concern of the plant 
breeder since additive and dominance variation may have a greater 
influence on the variation in grain yield and other economic characters. 
This study was designed to investigate the genetic systems controlling 
selected traits in a set of winter wheat cultivars with special 
emphasis on the detection of epistasis. 
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MATERIALS AND METHODS 
The study consisted of two similar experiments conducted at the 
Agronomy Research Station, Stillwater, Okla. Table 1 lists the 
cultivars used in the two experiments along with their code numbers and 
places of origin. 
In Experiment 1, cultivars 1 and 2 (hereafter referred to as lines 
1 1 and 1 2) and.· their F 1 hybrid (designated as 1 3) were crossed to 
cultivars 3 through 12. In Experiment 2, the 1 1 an4 1 2 lines were 
cultivars 12 and 13, respectively. These, as well as their F1 (13), 
were crossed to cultivars 2 through 11. 
Crosses were made in the greenhouse in 1972 and 1973. Experiment 1 
included 12 cultivars (the 1 1 and 1 2 lines plus 10 testers), 20 single 
crosses (3 X 1 1 , 3 X 1 2 , .•. , 12 X 1 2), and 10 three-way crosses (3 X 1 3 , 
4 X 1 3 , .•• , 12 X 1 3). Experiment 2 also included. 10 cultivars, 20 single 
crosses, and 10 three-way crosses. Each experiment was arranged in 
four randomized complete-blocks with 1 plot/entry/replication. The 
experimental units consisted of single rows 12.2 dm long and spaced 
3.0 dm apart. Plantings were made on October 19, 1973, on a Kirkland 
silt loam soil at a seeding rate of 40 seed/row. The plots received 
30 kg/ha of N and 34 kg/ha of P in mid-September, 1973, and were 
topdressed in early February, 1974, with 56 kg/ha of N. Measurements 
were recorded for the following characters: 
Heading date. Number of days from March 31, 1974, to the date 
when 50% of the spikes in a plot had completely emerged from the flag-
leaf sheath. 
Plant height, Mean of two measurements/plot of the distance in 
centimeters between the ground surface and the tip of the spike on the 
8 
tallest tiller, awns exch1ded. 
Protein content. Grain from 10 spikes randomly selected from 
each plot were ground to determine percent grain protein using the 
Udy method. 
Tiller number. Number of seed-bearing tillers along a random 
section of 3.0 dm of row in each plot. 
Number of spikelets/spike. Ten randomly selected spikes from 
each plot (referred to above for protein content) were use4 to 
determine mean number of spikelets/spike. 
Number of kernels/spike. The 10 spikes collected to determine 
the above character were threshed in bulk and the kernels obtained were 
counted to provide a mean estimate of kernels/spike. 
Number of kernels/sJ?...ikelet. Determined by dividing number of 
kernels/spike by number of spikelets/spike. 
Kernel weight. The number of kernels obtained from the 10 spikes, 
referred to above, and their weight were used to estimate kernel weight 
expressed as gm/1000 kernels. 
Grain yield. Rows were shortened to eliminate possible border 
effects and the remaining 9.1 dm was harvested in June, 1974, to 
2 
determine grain yield expressed as gm/28 dm . 
Analysis Procedures 
The method for detecting epistasis used herein was that described 
by Kearsey and Jinks (12) which is essentially the same as that of 
Bauman (1). This method employs a set of testers crossed to each of 
L1, L2 , and L3 where L3 is the L1 X L2 F 1• The following model was 
used to describe the various phenotypes: 
where 
L. 'k denotes the phenotypic value in replication k of the cross 
1.J 
between L. and tester j, 
1. -
µ denotes the mean of all single and three-way crosses, 
Go 0 is the genotypic value of the cross betwee~ L. and tester J' 
1.J - 1. 
rk represei;its the effect of replication k, and 
eijk is the error associated with that particular cross in 
replication k. 
It then follows that Lljk + LZjk - 2L3jk = Glj + G2j - 2G3j + 
(eljk + e2jk - Ze3jk) 0 
Deviations Lljk + LZjk - 2LJjk and their means over.replicat:Lons 
(denoted as Llj + L2j - 213j) were computed for each tester. The 
variation of the deviations Lljk + LZjk - 2L3jk were also computed and 
pooled over testers to provide an error term. For the jth tester and 
for any number of loci, the expectation of Glj + G2j - 2G3j depends 
on epistatic gene effects because of the canceling of additive and 
dominance effects involved in the expression. It follows that if the 
meap squares for the deviations Llj + L2j - 213j are significantly 
greater than the pooled error, as evaluated by an F-test with 9 and 
30 df, evidence of epistasis is.indicated. However if the deviations 
were all of the same sign and of comparable magnitudes, the F-test 
would fail to detect epistasis even though present. To cope with this 
problem, if present, the overall mean of the epistatic deviations 
Llj + L2j - 2L3j was computed and its significance.evaluated by a 
t-test with 30 df. Thus the F-test indicates whether testers differed 
in their contribution to the expression of epistasis for a, particular 
trait, whereas the t-test shows the significance of the average 
epistatic deviation resulting from all testers in the experiment. 
9 
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For those characters in which epistasis was not detected by either 
test, an additive-dominance model was fitted to the data as outlined by 
Jinks et al. (11) and Kearsey and Jinks (12). Direction of dominance 
was determined by calculating the linear correlation coefficient, 
rs,d' between the sum (Llj + L2j) and the corresponding difference 
(Llj - L2j) for all testers. Positive and negative correlations would 
indicate a predominant direction of dominance towards decreasing and 
increasing values of the trait, respectively (11). Average degree of 
~ dominance was calculated as (H1/D) where H1 and Dare the dominance and 
additive variance components, respectively. 
11 
RESULTS AND DISCUSSION 
Detection of Epistasis 
Evidence for the presence of epistasis is indicated in Table 2 by 
the significance of the tester mean square, th~ overall epistatic 
deviation, or both. In Experiment 1, epistasis was detected for heading 
date, kernels/spikelet, and grain yield. Non-'negative values for 
heading date predominated in the contributions to epistasis, resulting 
in a positive overall deviation. On the other hand, testers differed 
significantly in their respective contributiqns to epistasis in 
kernels/spikelet and grain.yield. For those two traits, individual 
epistatic deviations are presented in Table 3 to show their directions 
.and relative magnitudes and to identify those.testers which interacted 
with L1 and L2 to produce significant deviations. Cult~vars 11 and 12 
in this experiment played a major but opposite role in influencing 
non-allelic interactions for kernels/spikelet, while tester 11 
accounted for a major positive portion of the observed deviation in 
grain yield. These results, as well as similar findings by Burton (4), 
indi~ate that manifestation of epistasis is determined to some extent 
by the genotypes of the testers employed. Use of a limited number of 
testers might fail to det;:ect e~istatic gene action when in fact it is 
part of the genetic system. 
In Experiment 2, evidence of epistasis was indicated for heading 
date, kernels/spikelet, kernel weight, and grain yield (Table 2). 
Except for grain yield, demonstration of epistasis .was influenced by 
the testers used. Significant contributions were made by testers 6, 8, 
and 9 for heading date; testers 2, 4, and 11 for kernels/spikelet, and 
testers 2, 5, and 8 for kernel weight (Table 3). These results 
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reinforce the. suggestion that several testers should be used to detect 
epistasis. On the.other hand, consideration of overall deviations 
ob~ained from different testers may also be misleading as positive 
and negative deviations may cancel and result in small~ non~significant 
values. This situation occurred in this experiment for heading date, 
kernels/spikelet, and kernel weight, and in Experiment 1 for kernels/ 
spikelet and grain yield (Tables 2 and 3). 
The two experiments exhibited consistency of results relating to 
epistasis since in both cases non-allelic interactions were detected 
for heading date, kernels/spikelet, and grain yield, but not for 
plant height, prote~n content, tiller number, spikelets/spike,or 
kernels/spike. The only apparent discrepancy related to kernel weight. 
Reported results (9,18) indicate that epistatic gene action may 
contribute to the expression of kernel weight although no evidence of 
this was found by Bhatt (2) • The discrepancy relating to this trait 
in our study might have resulted from environmental influences. Such 
influences have.been reported by several workers (1,4,10,19). It must 
be emphasized that epistasis as measured by this procec;lure.refers only 
to loci for which .the L1 and L2 .lines differ. Therefore, the 
discrepancy might be the result of genetic differences among the lines 
used in the ,two experiments. If this is the case; two or more pairs 
of L1 and L2 lines should be used for· an efficient detection of 
epistasis. 
The procedure described pr9vi<les an unambiguous test for epistasis 
that is valid regardless of gene frequencies, degree of inbreeding, or 
linkage relationships. To our knowledge, this is the first time such 
a test has been reported in wheat. · The importance·· of using several 
13 
testers has been pointed out in both experiments and cannot be over-
emphasized. The presence of epistasis consistently detected for heading 
date, kernels/spikelet, and grain yield indicates that estimates 
of additive and dominance variances for those traits will be b.iased 
when procedµres assuming no epistasis are used. Therefore, breeding 
techniques based on these estimates may not produce the desired results. 
Cockerham (7) stated that the relative merits of current methods 
of selection with regards to epistatic gene action are.not known. 
However, plant breeders realize that the presence of epistasis usually 
makes selection more. difficult. We cannot determine from our data 
the most efficient breeding procedures when. eI?is.tasis is operative. 
Standard hybridization and selection procedures could take advantage 
of epistasis if it is of the additive type (additive X additive, 
additive X additive X additive, etc). Other types of epistasis are not 
fixable by sel~ction m;1der self-fertilization, therefore would not be 
favorable for developing pure-line varieties. However, they may be 
useful in the development of hybrids. The procedure we.used to detect 
epistasis is a first step in determining the importance and potential 
usefullness of epistasis. More elaborate experiments that include 
several generations will then provide information pertaining to the 
magnitudes of the different types of non-allelic interactions. The 
detection of epistasis followed by the determination of types and 
magnitudes of these interactions should ultimately lead to the 
development of more efficient breeding procedures. 
Additive-Dominance Model 
For those.traits not affected by epistasis, a model accounting 
only for additive and dominance effects should be adequate to explain 
14 
the genetic variation, Kearsey and Jinks (12) extended the method 
used by Comstock and Robinson in their design III (8) to estimate 
additive (D) and dominance (H1) variance components from populations 
other than the F2 of two inbred lines and in which gene frequencies 
need not neces,sarily be known. This procedure allows one to estimate 
D and H1 from the variances of the sum (Llj + L2j) and the 
difference (Llj - L2j), respectively. The components of genetic 
vari~nce estimated using this design are subject to bias from linkage 
relationships. However, if L1 and L2 are extreme high versus low 
cultivars for a given trait, both additive and dominance variance 
components will be affected to the same magnitude for that trait. 
Therefore, in determining the relative magnitudes of additive and 
dominance variance; linkage can be ignored. 
Estimates of additive and dominance variance components for those 
traits not affected by epistasis in either or both experiments are 
shown in Table 4. It is realized that these estimates are.confounded 
with year and location effects since the experiments from which they 
were derived were conducted at a single location in only one year. 
Additive gene effects.accounted for a major portion of t~e genetic 
variation in both experiments for protein content, spikelets/spike, 
and kernels/spike. Of particular importance to the plant breeder 
seeking improvement of wheat quality is the absence of non-additive 
gene action for protein content. Chapman and McNeal (5) also found 
no evidence for epistatic gene action in grain protein among five 
spring wheat cr0 sses whereas additive effects.were significant in all 
crosses and consistently greater than dominance effects. Our results 
showed that additive gene action was more important than dominance gene 
15 
action for tiller number, but significance was reached in Experiment 2 
only. These findings suggest that selection for the yield components 
spikelets/spike, kernels/spike, and tiller number would be effective in 
this material. 
Data from Experiment 1 showed only additive gene action to be 
involved in the inheritance of kernel weight, suggesting that improve-
ment of this character could be achieved through standard.sele~tion 
procedures. Although this conc+usion is supported by other investiga-
tions (13,15), it shoµld be noted that epistatic gene action was 
detected for th~ trait·in Experiment 2. It is possible that, although 
present, interallelic interactions for kernel weight were.of small 
magnitude relative to additive an.Q. dominance components. 
The· only significant values for the dominance variance components 
were obtained in Experiment 2 for plant height and kernels/spike. 
Incomplete dominance for plant height.was in the direction of taller 
plants ( (H1 /D)~ = 0.86, rs d = -0.88**l whereas a lower level of 
' 
partial dominance in the negative direction was found for kernels/spike 
[CH/D)~ = 0.45; rs,d = 0.69*)· The results for plant height agree 
with those.of Romero and Frey (14). 
The estimates of variance components herein reported have certain 
characteristics that should be clarified. Dominance variance, as 
estimated by this procedure'· refers to loci which differ between the 
two lines. If the number of those loci are less than that of all loci 
segregating in. th.e population for that trait, the domimance component 
underestimates total dominance varian~e. Nevertheless, significance 
of the variance (Llj - L2j) indicates that dominance gene action is 
involved in the inheritance of t4e given trait. Under the same 
16 
conditions, the additive co~ponent includes a portion of the dominance 
variance and thus is biased upwards. Nonsignificance of the variance 
(1ij - 1 2j) indicates absence of dominance for that character. In this 
case the variance (1lj + 1 2j) provides an e~ti~ate of total additive 
variance free of dominance contamination regardless of the number of 
loci differentiating the lines 1 1 and 1 2 • Our data showed no evidence 
of dominance for protein cont~nt, tiller number, anq spikelets/spike 
in either of the experiments. This implies that additive variances 
for those traits were not biased by dominance contributions. 
To derive more reliable estimate~ of genetic variance components, 
it has been suggested (12) that the lines 1 1 and 1 2 be extreme high 
versus low selections for the character under consideration. However, 
since this is not e~sy to achieve, particularly when a number of 
characters are st~died, t~is type of analysis should be regarded as 
a means for s~owing the kinds of gene action involved rather than 
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Table 1. Wheat cultivars used in Experiments 1 and 2, their code numbers, and places of origin, 
Code nc;i. Cultivar Place o:f origin Code no. Cultivar Place of origin 
' ' ' ( t ' 4 ( 
1 Bezostaia 1 Russia 8 Nicoma Oklahc;>ma 
2 Centurk Oklahoma 9 Osage Oklahoma 
3 Cap rock Texas 10 Blue boy N. Carolina 
4 Danne Oklahoma 11 Arthur Indiana 
5 Scout 66 Nebraska 12 Tamwheat 101 Texas 
6 Palo Duro Kansas 13 Triumph 64 Oklahoma 
7 Agent Oklahoma. 
N 
0 
Table 2. Analyses of epistatic deviations for selected traits in win~er wheat. 
---- - · - -He-acC:i.ng- --PlanT Protein-TTller Spikelets/ Kernels/ Kernels/ Kernel Grain 
Expt. date heig~t content number spike spike spikelet weight yield 
' 
Mean squares df 
Testers 1 9 7.058 207.89 4.067 221.93 7 .013 195.82 0.323* 94. 711 1694.4* 
2 9 12.192** 236.01 13.180 337.51 5.264 94.08 0.238* 84.777* 1174.4 
Error 1 30 3.442 129.26 6.612 176.68 6.561 90.78 0.115 46.865 719.5 
2 30 2.908 133.51 6.464 288.03 6.229 58.92 0.090 27.846 1004.2 
Overall epistatic 
deviation t 
1 0. 67'5* -0.325 0.110 3.050 0.290 1.045 0.029 0.454 3.900 
2 0.225 0.372 -0.015 1.125 0.625 2.300 0.075 1.625 10. 300* 
~~*Sfgnificant at P = 0. 03 and -0 :01 ;-respecfivefy .- -- - --_------ ~ ----
tSignificance of the overall epistatic deviation was evaluated by a t-test with 30 df. 
N 
I-' 
Table.~. Epista,tic deviations associated with individual testers for traits exhibiting significant 
differences among testers for t~e.expression of epistasis as indicated by,the mean square analysis 
in Table 2. 
Experiment 1 Experiment 2 
Tester ' Kernels/ Grain Tester Heading Kern'els/ Kernel·· 
code- no. ~ __ s_pJ.kelet yield filld.e_no_.___~ ___ _<!_<!t_e _ _ sp_ik~let w~ight 
3 -0.194 -24.25 3 -1. 75 -0.087 -0.24 . 
4 0.095 15.50 4 -1.00 0.313* 1.11 
5 -0.096 20.00 5 1.00 0.087 9.,24** 
6 0.091 LOO 6 2.00* 0.176 1.14 . 
7 -0.248 6.0Q 7 0.50 0.014 2.l4 
8 0.01~ -2. 75 . 8 ,..3 .25** -0.021 7.05* 
9 0.052 18.00 9 2.50** 0.056 3. 77 
10 0.242 20.25 10 1.00 -0.003 -5.04 
11 0.640** 4L25* 11 0.75 -0.~51* 2.48 
12 -0.366* -16.00 2 0.50 0.566** -5.40* 
-- -------- - - - -
*~**Significant at P = 0.05 and 0.01, respectively. 
. . . 
N 
N 
Taole 4. Estimates of additive (D) and dominan2e (H ) variance. 
components for traits not showing significant ·epistatiG effects 
.it;i winter .wheat. 
Experimeµt 1 Experiment 2 
. traits D Hl 0 Rl 
Plant ·height 10.55 -3.27t 19.98* 14.67* 
Protein content 1. 71** 0.47 2.81** o •. 52 
Tiller numoer 19.97 11. 73 68.83** -17.45t 
Spikelets/spike · 3.81** 0.05 3.38** -0.0lt 
Kernels/spike 45.11** 3.45 38.00** 7.60* 
Kernel weight 36.30** -1.3lt 
_____ :f -----* 
*,** Significantly different from zero at P = 0.05 and 0.01, 
respectively. 
t Negative values whic~ may be.interpreted as zero, 
* Variance componet;lts not estimated because epistasis was detected 
in this experiment, . 
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CHAPTER III 
Inheritance.of Eight Agronomic.Traits 
in a Winter Wheat Cross1 
ABSTRACT 
Parents; F1 , F2 , and.first generation b~ckcrosses (B1 and B2) of 
a 'Centurk' X 'Bezostaia l' cross were grown in.a space-planted experi~ 
ment to obtain information pertaining to, the genetic systems controlling 
grain yield and other agronomic.characters. 
The Fl deviated significantly from the midparental value for 
heading date; plant height, and kernels/ spikelet, ind.icating a si~able 
amount of non-..additive gen~ act;ion for those traits. Narrow-sense 
heritability estimates were h,igh for heading date, moderately high for 
kernel weight and'plant height, moderate for number of tillers/plant, 
and low for kernels/spikelet, kernels/spike, grain yield and spikelets/ 
spike, Some.of those estii;nates ,ma,y b~ biased upward as epistasis was 
found to contribute.~ignificantly to the genetic variation for heading 
date, plant height, tiller number, kernels/spikelet, and grain yield. 
No epistasis was detected for kernel weight, spikelets/spike, or 
' ' 
kernels/spike, indicating tho!it estimates of gene effects for those 
chara~ters were free from linkage bias. Duplicate epistasis was 
detected for grain.yield suggesting Qifficulty would be encountere4 
1To be submitted for publication. 
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in selection for higher yield in this cross. Additive effects were 
the main source of genetic variation for kernel weight, indicating that 
early generation .selection for higher kernel weight sho~ld be effective 
in this material. 
Additional index.words: Triticum aestivum L., Grain yield, Heading 
date, Plant hei~ht, Tiller number, Spikelets/spike, Kernels/spikelet, 
Kernel weight, Heritability, Gene effects, Epistasis. 
Most ·of .the wheat (Triticum aestivum L.) cultivars grown in the. 
Great Pl~ins are of the Turkey type characterized by a high tillering 
capaci'f;.y, resilient.straw, and medium to small·spikes. Recently, 
new germplasm has been int:r:oduced for the purpose.of changing the 
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architecture of the present-day cultivars in an attempt to raise their 
yielding potential. An understanding of the genetic factors determining 
th.e inheritance ·of important agronomic· characters. would serve to guide 
breeding efforts of which the object;ive is tq improve.certain plant. 
characteristics tQ enhance.grain production., 
Heritabq.ity of a character desc:i;ibes the .e~te1.1t to which it is 
transmitted from one generation to another and thus is a valuable tool. 
when used !~.conjunction with other parameters in predicting the 
magnitude of genetic gain that would follow selection. Heritability 
estimates reported by several workers tended to indicate·that certain 
morphological traits which influence grain yield in wheat are more 
heritable than yield.itself. Reddi et al. (11) found relatively high. 
heritability estimate~ for culm length-and kernel weight in two wheat 
crosses. Low heritability values.on the other hand we+e reported for 
grain yield in a st~dy of hard red winter wheat by Johnson et al~ (8). 
Estimates of gene effects have a direct be~ring on the method of 
hybridization and .. selection to be adopted· in breeding programs. The 
magnitude of additive effects, is. particularly useful to the wheat. 
breeder involved in deve~oping pure-line varieties; whereas, information 
concerning dominance ang epistatic gene effects can be valuable in the 
development of wheat hybrids. Working with durum wheat, Amaya et al.. 
(2) found that dominance gene effects predominated in the inheritance 
, • . . ' T • 
of grain yield; whereas, mostly additive effects.cont+olled plant 
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height and heading date. Bhatt (3) reported that gene action involved 
in the inheritance of heading date, plant height, and kernel weight of 
two spring wheat crosses was primarily of the additive type. Sun et 
al. (12) found evide~ce of non-allelic interactions, but pointed out 
that additive and dominance effects made a major and consistent 
contribution to the expression of kernel weight in six spring wheat 
crosses. Chapman,and McNeal (4) found that epistasis was involved in 
the expression of tiller number, grain yield, and plant,height in a 
spring wheat cross. 
The present study was initiated in order to estimate heritability 
and gene effects for grain yield and several other traits in a winter 
wheat cross involving two parents of diverse origin and plant type. 
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MATERIALS ~D METHODS 
Two winter .wheat cultivars chosen on the basis of.their contrast~ 
ing.characteristics in terms of plant type and yielg components, were 
used as pare~ts·in this study which was conducted in 1973 at the 
Agr01;1.omy Research Station, Stillwater, Okla~ One. of the parents 
'Centurk' is an awned wheat cl:laracterized by high tillering potential. 
and relatively s.mc;i.11 ·ker~e],s. This cultivar was developed by the 
Nebraska Agricultural Research Station in cooperation with t4e 
Agricultural Re~earch ·Service, USDA. The other parei;it, 'Bezostaia 1', 
developed in the Russian Kaban region, is.an awnless wheat having 
relatively few tillers per plant, but large kernels. The two 
cultiv.ars differ also with respect to other characteristic~, although 
to a lesser extent~ 
Crosses between the two varieties were made in.the greenhouse in 
1970 and the F1 was backcrossed in 1971 to each of tl:le parents (P 1 and 
P2) to produce first_bacl,<.cross generations.B1 (P 1 X F1) and B2 (P2 X 
F1). Seed produced by self-pollination of F1 plants was composited 
for use in the F2· generation. Parents, F1, Fz, B1 , and B2 were 
planted in flats in tqe greenhouse, vernalized, and transplanted to 
the.field on Deceml;>er 28, 197_2. The layout.was a randomized complete-
block design with six replications. Plots withi~ a replication were 
single rows 3 :in. long with .30 c:in between adjacent rows •. Pl.ants within 
a row were.15 cm apart allowing a total of 20 plants/plot. The 
number of plots per replication was .. one for each of the non-segregatii;i.g 
generations, two for each bac~cross, and, four for the F2• The 
terminal plant·from each.end of a plot was excluded from the analysis. 
to minimize border effects. Due to a few cases of missing plants or 
very poor growth, data were.recorded only on 16 plants in.each plot, 
Where more were available, the 16 plants were chosen at random. The 
plots received a preplant fertilizer equivalent to 20-22-0 kg/ha of 
N-P-K applied in mid-Septel!lber, 1972, and were top-dres~ed in late 
February with 56 kg/ha of N. The plots also received a 38 mm 
supplemental irrigation on May 22, 1973. All measurements for the 
following characters were made on a per~plant basis: 
Heading date. Numb~r of days from March 31 to the.date when the 
first ·spike on a.plaµt has completely emerged from the flag-leaf 
sheath. 
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Plapt height. Distance in centil;heters between the.base of the cull!l 
and the tip of the spike .on the tallest tiller, awns exclu<;ied (if any), 
Tiller number. Number of spike-bearing tillers on each plan~ 
determined at.harvest. 
Spikelets/spike. Number of seed-bearing spikelets determined on a 
random spike taken from each plant. 
Kernels/spike. Number of seed obtained by threshing the above 
spike. 
Kernels/spikeleto Calcl.llated as (kernels/spike) /(spikelets/spike). 
Kernel weight. Weight in grams of 100 kernels randomly selected 
from each plapt. 
Grain yield. Total grain yield expressed in grams per plant, 
After harvest on June 21, 1973, all spikes of each plant were passed 
through a belt-thresher thus avoiding any seed breakage or loss. 
Analysis Procedures 
An analysis of variance including all generations was conduct~d to 
determine whether any differences existed among the generations for 
each character. Separate analyses for each population were also 
performed on each trait to determine within-plot variances. 
Heritability in the narrow sense h2 was e$timated following ns 
Warner '·s method (13) as: 
= 
where VF , VB , anq VB are the varia~~es of the F2 , B1 , and B2 
2 1 2 
generations and were estimated by the correspollQing within-plot 
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variances, A stan.dard error for h2 was derived as the square root of ns · 
the following: 






= v 2 + + ns F . dfF dfB dfB 2 2 1 2 
In th~s formuia dfF , dfB , and dfB ref er to the degrees of 
2 1 2 
freedom. associated with VF , VB , and VB , respectively. Significance 
·2 1 2 2VF 
of h2 was also evaluated si~ce the ratio 2 approximately ns · 
VB + VB 
1 2 
follQWS an F-distribution (~) w~th n1 and n2 degrees of freedom, where. 
(VB + VB ) 
n1 = df F and n7 = 1 . . 2. 2 . vz v2 
Bl + B2 
dfB dfB 
1 2 
E~ected ·gain from selection (G.S.) was calculated following 
Allard (1) as G~S. = k crp h!s' where k is the selec~ion differential 
in stand~rd units, a is the phenotypic stan<iard deviation and was 
p 
estimated here by the square root .of the within plot-variance from the 
F2 population, . and h2 is defined as. above, . ns 
Scaling tests of Mather (9) with A= 2B1 ' F1 - i>1 , B 2B - F -2 1 
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P2 , and, C = 4F2 - 2F1 - P1 - P2 were performed for all characters. A 
joint scaling test attributed to Cavelli by Mather and Jinks (10) was 
also conducted. This test uses data from P1 , P2 , F1 , F2 , B1 , and B2 
to provide estimates for the mean, additive, and dominance effects. 
These.estimates are.derived by the procedure of weighted least.squares 
using as weigh~s the inverses of the variances of the generation means. 
This joint scaling test also evaluates the goodness of fit of the 3-
parameter model (mean, additive, .;md dominance effects) to the observed 
data by assuming that.the~ of squared deviations (observed values -
expected values) 2 weighted with the appropriate.coefficients follows a. 
x2 distribution with 3 df. The failure of adequate fit would imply the 
existence of.non-ad,ditive gene effects other than dominance. 
Generation means for each character were also analyzed by the 
method of Hayman.(7) to fit a six-parameter model. These para.meters, 
using Gamble's designation (6), are the F2 population mean or mean 
effect .!_, the pooled ac;lditive effects ~~ the pooled dominance effects 
!!,, the pooled adc;litive X ad,ditive epistatic effects ~' the pooled 
additive X dominance epistatic effects ad, and the pooled dominance X 
dominance .. epistatic effects dc;l. In the estimation procec;lure presented 
by Hayman (7) the signs of a and ad depend on, the relative values of . . . - - . . 
P1 and.P 2 as well as those of Bl and·B2• In what follows, P1 will be 
the parent with the higher value, P 2 t.he parent with the lower value, 
and B1 and B2 the correspo~ding backcrosses. Th~s will usually result 
in a positive value of ~ ex~ept for the relatively rare case when B1 
had a lower valµe tl:ian B2 • Thei equations giving the ef?timates of gene 
effects in terms of the generation means are (7): 
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m = F2 
a = Bl - B2 
d = -~ - ~p + Fl - 4F2 + 2B1 + 2B2 1 2 
aa = 4F2 + 2B1 + 2B2 
ad = -~ + ~p + Bl - B2 1 2 2 
- - 4F - 4B1 4B2 dd = pl + p2 +2Fl + -2 
Significance of the various gene effects for tbis model were.determined 
by computing standard errors from the variances of the corresponding 
population means. 
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RESULTS AND DISCUSSION 
Means and Variances 
The six generations differed significantly with respect to heading 
date, plant height, tiller number, spikelets/spike, kernels/spikelet, 
kernel weight, and grain yield (Table 1), The failure to detect 
significant differences among generations for kernels/spike could be 
attributed to large sampling errors, but more likely is the result of 
the nearly equal parental means for this trait (Table 2). The F1 
deviated significantly from the midparental value for heading date, 
plant height, and kernels/spikelet indic~ting a sizeable amount of 
non-additive gene action is involved in the expression of those 
characters. 
Within-plot variances were consistently greater for the segregat~ 
ing generations than for the parents or F1 (Table 2). This was true 
even for kernels/spike showing that genetic variability does exist 
for this trait although no differences were detected among generation 
means. An excessive within-plot variance with respect to kernel 
weight was found for Bezostaia 1. This could be attributed to a large 
sampling error and/or a possible association between mean and variance 
for this character. No data transformation was made, although this 
may have removed this kind of association. 
Heritability and Genetic Advance 
Heritability estimates were high for heading date, moderately 
high for kernel weight and plant height, moderate for tiller number, 
and low for the remaining characters (Table 2). The heritability 
estimate slightly greater than one observed for heading date may be 
ascribed to several causes. Sampling errors, differential responses of 
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the F2 and backcrosses to the environment and non-allelic interactions 
can result in an upward bias of heritability estimates as measured by 
Warner's method (13). The heritability levels obtained for kernel 
weight and plant height are corroborated by previous reports (11). 
Large heritability values were also reported by Johnson et al. (8) 
for plant height, maturity, and kernel weight in winter wheat. The 
heritability estimates in our study tended to be high for those 
characters exhibiting wide differences between the parental means. 
The values of genetic advance (G.S.) reported in Table 2 show the 
possible gain from selection as percent increase ove~ the F2 mean when 
the most desirable 5% (k = 2.06) of the F2 plants are saved for the 
next generation. Heritability and genetic advance were calculated on 
an individual plant basis and may not apply to gain from selection 
based on other units. For most characters, heritability and genetic 
•, 
advance agreed satisfactorily in showing those,characte~s for which 
selection in the F2 would lead to substantial improvement. However, 
a moderate heritability estimate for tiller number was associated with 
the highest genetic advance. This may be due to a large environmental 
variation associated with this trait in the F2 population. Reporting 
genetic advanc~ along with heritability should be more informative 
than showing either alone. The ultimate usefulness of these estimates 
could be evaluated by conducting selection programs and comparing 
predicted with realized gains. 
Gene Effects 
The results. showing the significance of the A, B, and C scaling 
tests are shown in Table 3. Significance of any of those tests 
indicates epistasis on the scale of measurement used. However, since 
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each has its own expectation in terms of type and magnitude of epistatic 
effects, no agreement should be expected among those.tests. The joint 
scaling test should be more powerful than any of the other tests in 
detecting epistasis since it uses information from all six populations. 
In fact, except for kernels/spike, the joint scaling test detected 
epistasis whenever it was declared significant by a~y of the individual 
scaling tests (Table 3). 
Based on the joint scaling test a three-parameter model proved to 
be satisfactory·in explaining the genetic differences for spikelets/ 
spike, kernel weight, and kernels/spike (Table 4), indicating that 
epistasis is not involved in the inheritance of those characters. 
Chapman and McNeal (4) also found no significant epistatic gene effects 
for number of spikelets/spike and kernel weight.in a spring wheat cross. 
Additive gene effects in our study appeared to be the most importart 
factor contributing to the genetic control of kernel weight and 
spikelets/spike. Dominance effects were positive and smaller than 
additive effects for kernel weight. This agrees with results reported 
by Bhatt (3) who found part~al dominance for heavier kernels, but a 
predominance of additive gene action in the control of this trait, A 
preponderance of additive gene effects coupled with high heritability 
and genetic advance found in our study for kernel weight indicate that 
selection for this character should be effective in this material. 
Dominance gene action played a major role in the inheritance of 
kernels/spike with a predominant direction towards fewer.kernels/spike. 
The three-parameter model was not sufficient to explain the 
genetic variation for heading date, plant height, tiller number, 
kernels/spikelet, and grain yield (Table 4). Therefore, the six-
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parameter model was invoked to determine the type and magnitude of 
gene action involved in the inheritance of those characters. The!:!:.!• 
ad, and dd effects provided by this model are unique; whereas, the m, 
~ ~ -
!_, and ~ effects obtained from the same model are contaminated by 
epistatic effects. Hayman (7) proposed that an approximation to 
epistasi9~free estimates of !!!:.• !!; 9 and !!., would be the estimates obtained 
from the three-parameter model. Following this suggestion, it appears 
that dominanc~ effects were at least as important in the expression of 
heading date as were additive effects (Table 4)o Dominance in the 
direction of early maturity along with a positive dominance X dominance 
effect would indic~te duplicate epistasis (10) which is undesirable in 
selection. Additive effects contributed significantly to the inherit-
ance of plant height, but dominance effects were more important and 
favored tallness. Dominanc~ X dominance effects were relatively 
important for plant height, although statistically nonsignificant. 
Epistasis was reported to be.involved in the expression of plant height 
in spring wheat (4). Additive, dd, and.to a lesser extent,!:!!. effects 
contributed to the inheritance of tiller number in this material. The 
important contributions of epistasis to the genetic differences for 
heading date, plant height, and tiller number may have inflated the 
estimates of heritability obtained for those characters. Additive and 
dominance effects made the major contribution to the inheritance of 
kernels/spikelet whereas!:!:.! effects were numerically important. 
Dominance towards higher yields and significant negative dd effects 
indicated a duplicate.type of epistasis for grain yield, suggesting 
that difficulty would be encountered in selection for higher yield 
levels. 
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In general, the important epistatic effects detected by the six-
parameter model were of the dd type. The non-significance of the 
other types in this study, particularly the ad effects, may be,due 
to canceling of.positive and negative effects from different loci. 
The analysis of.gene~ation means proved to b~ a si~ple and useful 
procedure for investigating the gene action involved in the ,inheritance 
of eight.agronomic characters in this cross. Both the.three- and 
six-parameter models.were.needed for a complete understanding of the 
genetic systems for the characters studied. Adequacy of the three-
parameter model led to derivation of estimates free from linkage, 
if present, for additive and dominance e~fects for kernel weight, 
spikelets/spike, and kernels/spike. Lack of fit of the three-parameter 
model provided an irrefutable evidence of gene interactions for five 
of the eight traits. Information as to kind and magnitude of 
epistatic effects for those characters were provided by the six-
parameter model. 
The cross investigated involved two parents with contrasting 
characteristics, particularly in terms of tiller number and k~rnel 
weight •. The present study did not provide information as to whether 
s.egregates combini~g the higher tiller number of Cent1,1rk .and larger 
kernels of Bezost~ia 1 can ~e obt~ined. The study did show, ·however, 
that selection among F2 plants of this cross should be effective for 
kernel weight; whereas, selection for high tiller number would not 
be as successful. 
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Table 1. AnalysiE? of variance of data from parents, F1 , F2 , and backcrosses for eight agronomic 
chara~ters of a Centurk X Bezostaia 1 cross~ 
-- - - - · - - Heading - Ptant- -- 'fil"fer -- Spikelets/ --~.K.erll,els/ Kernels/ Kernel ·Grain 
Source df date height number spike , spike , sp-i~l-et , wei,ght yield 
Replications 5 35.76** 62.63 26.36 2.18 148.70 0.41 . 289.74** 135.21** 
Generations 5 173.16** 1358.33** 312.56** 28.96** 177 .66 1.18** 1538.44** 116.31** 
Error 25 6.06 60.37 21.20 4.78 121.09 0.17 30.88 30. 21 . 




Table2. Estimates of gzneration i;neans, within plot variances, F1"'1!1i.dparent deviation (F1-MP), he:r:itability 
in .. the narrow sense (hns) and expected genetic advance (G .S.} for eight agronomic characters in a winter 
wheat.cross. 
Generation o-r- -Heading-P1arit--Tl.ller- 8:Plkelets/ Kernel~~K.ernel~r. kernel' Grain 
Parmp.eter __ . cla.t_e_ _ _ __ li._~ight ____ n_Ulll_o_er_ . _sj>_ike ·_ _ spike spike.let , weight yiel'1 
P 1 (Centurk) 40.53t 
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2 h ±s.e. 
ns 
l.01**±0.10 0.64**±0.14 0.36*±0.18 0.09±0.20 0.15±0.2D 0.28±0.18 0.65**±0.14 0.16±0.19 
G.S. (%) f 18.4 ____ LO.O_ 19.8 ___ _J._,_3 _____ ~5~-- ____ J_._Q_ ______ l6.5 8.l 
*,** Significantly different from zero at P = 0.05 and 0.01, respectively. 
t For each generation, the values in the upper and lower lines refer to means and within~plot variances, 
respectively. tGenetic advance (G.S.) represents the percent increase over the_F2 mean when the best 
5% of the.plants are selected. .i::--N 
Table 3. Significance of the A, B, C, and joint scaling tests 
evaluated for eight characters in a Centurk X Bezostaia 1 cross. 
Test 
Charact:er A B c Joint 
Heading date * ns ns ** 
Plant height ns ** ** ** 
Tiller number * ns ns * 
Spikelets/spike ns ns ns ns 
Kernels/spike ns ns * ns 
Kernels/spikelet ns ns * ** 
Kernel weight ns ns ns ns 
Grain.yield, * * ** ** 
* ** Significant at P = 0.05 and 0.01, respectively. ' 
ns Non-significant at p = 0.05. 
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Table 4. Gene effects from the three-parameter (3-:PM) and six-parameter (6-PM) models estimated from means 
of parents, F1 , F2 , a,nd backci;-osses of a Centurk X Bezostaia 1 cross. 
Model or 'H:eading ___ Plantc·-·-T:iller- ~Spikele-ts/ -- ~ KerntlS/~ ~·KernelsT~~ Kerner~ Grain 














38.77±0.11 89.77±0.11 10.99±0.17 20.73±0.09 
1.17±0.11 3.01±0.30 2.04±0.16 0.72±0.09 
-1;41±0.17 6.98±0.49 -0.01±0.32 0.33±0.14 
21.57 23.16 10.99 0.76 
<0.001 <0.001 0.010-0.025 >0.80 
38.17±0.17 93.71±0.41 10.96±0.17 20.85±0.15 
1.24±0.26 2.22±0.92 2.72±0.92 0.58±0.28 
-2,91±0.87. 6.70±2.52 1.72±1.07 0.38±0.85 
-1.47±0.85 0.03±2,47 2.01±1.01 0.03±0.83 
-0.41±0.29 0.78±0.97 0.76±0.42 -0.16±0.29 
2.90±1.29 -7.15±4.15 -5.33±1.77 0.27±1.21 
49.64±0.38 2.40±0.02 29.92±0.24 13.19±0.19 
0.28±0.38 0.11±0.02. 5.16±0.24 0.45±0.20 
-2.02±0.68 -0.14±0.03 1.33±0.40 1.73±0.37 
6.90 12.56 2.11 21.56 
0.05-0.10 0.005-0.010 >0.50 <0.001 
49.80±0.62 2.39±0.02 30.90±0.34 14.46±0.20 
1. 78±1.00 1.15±0.03 4.98±0.58 -0.38±0.61 
-5.96±3.25 -0.33±0.26 -0.15±1.83 2.49±1.52 
-3.74±3.18 -0.18±0.10 -1.37±1.79 1.33±1.47 
1.53±1.08 0.06±0.04 -0.19±0.64 -0.79±0.65 




A Study of Gene Action for Heading Date, 
Plant Height, and Other Characters 
in Winter Wheatl/ 
ABSTRACT 
Two winter wheat (Triticum aestivum L.) cross~s we~e used in this 
study to determine the type of gene action involved i~ the ~pression 
of a µumber of agronomic·characters. An unweighted least squares 
procedure was adopted to analyze means of parents,F1 , and first 
generation backcrosses from each c+oss! Only additive gene effects. 
were significant for plant height, numbe+ of tillers/unit of row, 
and kernel weight, indicating possible improvement of these characters 
through,selection in early generations. Heading date was,cont+olled by 
genes with additive and dominance effects,which indicates that selection 
for this trait would be more effective if delayed until later genera-
tions. 
Additional index words: Triticum aestivum L., Tiller number, Spikelets/ 
spike, Kernel weight, Gene effects, Epistasis, Unweighted least 
squares procedure. 
1To be submitted for publication. 
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Knowledge of the type of gene action involved in the.expression of 
a character is helpful in deciding on the breeding procedures to be. 
used for improvement of the character. Whereas dominance gene action 
would tend to favor the production of hybrids, additive gene action 
signifies that standard selectiqn procedures would be effective in 
bringing about advantageous changes in the character. Early maturity 
in wheat is a desirable attribute especially in the Southern Great 
Plains areas where it is associated with escape from pests, drought, 
heat, and other stress injuries that occur late in the growing season. 
Dwarf or semi-dwarf wheats are preferred to taller ones not only for 
their resistance to lodging but also because of an intrinsic potential 
for higher grain yields under favorable conditions. For these reasons, 
information concerning the nature of gene action for maturity and 
height in wheat would be·a valuable tool for breeding better cultivars. 
From a diallel study of eight spring wheats, Walton (9) concluded that 
maturity was controlled by genes with both additive and dominance 
effects. Amaya et al. (1) found that mostly additive genetic effects 
governed the inheritance of heading date and plant height in durum 
wheat~ although epistasis was detected in some cases. 
Improvement of complex characters such as grain yield may be 
accomplished through the component approach of breeding (5,6). This 
method in general assumes strong associations of yield with a number of 
characters making up yield and simpler inheritance for the.se component 
charact~rs, If this procedure is to be fully exploited, the gene 
action associated with the various yield components should be known. 
This study is an attempt to obtain information conc~rning the nature 
of gene action involved in the inh~ritance of a number of plant and 
seed characters in two crosses of winter wheat. 
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MATERIALS AND METHODS 
This study was,conducteq in the 1973-74 crop se~son.at the 
Agronomy Research Station, Stiilwater, Okla. Two crosses of winter 
wheat, 'Centurk' X 'Bezostaia l' .and 'Triumph 64' X 'Tamwheat.101' 
provided the sourc~ of th~ experimental material used in this study. 
The parents of each cross have contrasting characteristics with respect 
to maturity, plant height, tillering, and kernel sizeo Populations for 
each ·cross were grown.as separate experiments in randomized complete-
block designs with four replications/experiment. Each replication 
included one plot each of P1, P2 , F1 , B1 (F1 X P1), and B2 (F1 X P2). 
Experimental units consisted of rows 12.2 dm long and 3.0 dm apart. 
The plots were solid seeded on October 19 9 1973, with a tractor-
mounted cone planter at a rate of .40 seed/row. Data were.collected 
from each plot on the following characters: 
Heading date. Expressed as days from March 31 to the date when 
50% of the spikes in a plot had completely emerged from the flag-leaf 
sheath. 
Plant height~ Mean of two measurements/plot of the_dist~nce in 
I 
centimeters between the ground surface and the tip of the spike on the 
tallest tiller, awns excluded. 
Protein content. Determined by the Udy method using grain from 
10 spikes randomly selected from each plot. 
Tiller number. Number of seed-bearing tillers along a random 
section of 3.0 dm in each plot. 
Number of spikelets/spike. Ten randomly selected spikes from each 
plot (referred to above for protein content) were used to determine 
mean number of spikelets/spike. 
Number of kernels/spike. The 10 spikes were threshed in bulk 
and the kernels obtained were counted to provide a mean estimate of 
kernels/spike. 
Number of kernels/spikelet. Determined by dividing number of 
kernels/spike by number of spikelets/spike. 
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Kernel weight. The number of kernels obtained from the 10 spikes 
and their weight were used to estimate kernel weight expressed as 
gm/1000 kernels. 
Grain yield. Rows were shortened to eliminate possible border 
effects and the remaining 9.1 dm was harvested in June, 1974, to 
determine grain yield expressed as gm/28 dm2 • 
Analyses of variance were conducted for each cross on all 
characters. Generation means were then subjected to analysis for 
those characters in which significant genetic variation was detected 
in order to derive estimates of gene effects. The mean effect ~' 
the pooled additive effects !!:.' and the pooled dominance effects d 
are related to the generation means by the following equations (7): 
pl = m + a 
p2 = m a 
Fl m + d 
B1 = m + ~a ~d 
B2 m - ~a +1~d 
Estimates of ~' !!:.' and E_ were derived from these equations by an 
unweighted least squares procedure. Variation among generations were 
partitioned into variation due to additive and dominance effects and 
that due to deviations from the additive-dominance model. This 
permitted a test of the adequacy of the model and an evaluation of the 
importance of the additive and dominance gene effects in their 
contribution to the genetic variation. Th~ analysis also allowed 
removal of replic~tion effect, thus increasing the precision of the 
experiment. 
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RESULTS AND DISCUSSION 
Analyses of variance indicated significant differences existed 
among generat;:ions ·for heading date and plant, height in botli .. crosses 
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and for tiller number, spikelets/spike, and kernel weight in one cross. 
(Genturk.X Bezostaia 1). No significance was observed in.eith~r cross 
for protein content, kernels/spike, kernels/spikelet, or grain yield. 
Data from the Triumph 64 X Tamwheat 101 cross sh9wed no significance 
for tiller number, spikelets/spike~ or kernel weight. Non-significance 
iri all .. those cases may be ascribed to large error variances or narrow 
ranges between parental values for the concerned traits. Means for 
those characters which showed significance in one or two crosses are 
presented in Table 1. Centurk was later in heading, taller in height, 
possessed more tillers/unit;: of row, fewer spikelets/spike, and lighter 
kernels than aezostaia 1. Triumph 64 was.earlier and taller than 
Tamwheat 101 •. In no case was tlie F1 significantly better than the 
more desirable parent. Th~s in4icates that non-additive gene action 
for most.of the characters was of minor importance. However, the 
means.· of F 1 for heading date tended. to inc;licate a certain degree of 
dominance for earliness. 
For those cases where significant differences amo~ generations 
were detected, a genetic .analysis of generation means was warranted 
and consequently conducted•. The additive-dominance model accounted for 
a major portion of the variation among generations (Table 2). Reduction 
in sums of squares due to fitting additive gene effects was.significant 
or highly so in all cases. Reduction in sums of squares due to fitting 
dominance gene effects was significant in one cross.for heading date 
and spikelets/spike (Table 2). In no case were the deviations from 
the additive-dominance model significantly greater than the residual 
mean square. This indicates that epistasis is not a dete:pnining 
factor in t4e expression of the characters in question. · Th~refore, 
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the deviation and residual s~ms of squares were added to provide a 
pooled error in order to incre~se precision in the analysis. The 
estimates of .gene effects obtained (Ta.bl~ 2) are not biased by linkage 
relationships, if present, since interallelic interactions were not 
involved. Wi~h the exception of heading date in the Centurk X Bezostaia 
1 cr'?ss, estimates of additive effect~ were greater than.dominance 
effects. Negative values for additive effects fo~nd in.three instances 
(Table 2) were due to the choice as to which parent was designated 
P 1 . or P 2 • We adopted the designation of P 1 for Centurk. in Cross 1 and 
Triumph·. 64 in Cross 2. Our. results are consistent with .those reported 
by several workers. Gill et al. (4) found that mainly additive gene 
actton regulated the expression of plant height.in wheat.· Kernel 
weight was als<;> report~d to. be under con.trol of genes with predominantly 
additive effects (3,8). Contributions.from dominanc~ effects.to 
the expression of spikelets/spike are at varianc~ with findings by 
Walton (10) who reported only additive variation for this trait in 
spring wheat. This divergence in results can be attributed to 
differences in the material used.in each case. 
Dominance effects in our study were significant for heading date 
in the·. Centurk X Bezostai~ 1 cross and approached significance.• 
(P<. 06) in the. ot.her cross. The sign of these effects, indicates 
dominance in the direction of earlier heading which is in agreement 
with reports b~ Anwar and· Chowdhry (2) and Bhatt (3). 
The results of this study indicate that selection in early 
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segregating generations should be effective for plant height (particur 
larly in the Tri~mph 64 X Tamwheat 101 cross), and for tiller number 
and kernel weight in the Centurk X Bezostaia 1 cross. On.the other 
hand; conventional selection for early heading in both crosses should 
be delayed to later generations for a more tangible advance. 
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Table 1. Observed. meana of parents (P 1 , P 2 ) , F 1 , and backcrosses (B1 , B2) for agro!lomic charact~rs 
in, two winter wheat _crosses grown.at St:f,Ilwater, 1974.t , 
Heading date --Plant-h~igh~--TillerntPnt>er--~Spikelets/spike- Kernel weight. 






















84. 75 64.75 15.90 18.95 
74.74 37.73 18.83 27.42 
79.00 49.25 18.60 24.77 ' 
'84 .25 52.75 17.78 22.27 
80.50 42.50 ~&.98 25.76 
6,89 11.13 l.59 ~.44 
5.55 14.62 5.74 9.36 
' 
t Cross 1 'is Cent~rk X.Bezostaia land Cross 2 is Trimph 64 X Talillwhea't: 101.' i"1' i~ 'cehturk or·Triumph 64 
depending on.the cross~ and P2 is Bezostaia 1 or Tamwheat 101. B~ = F1 X P1 , and B2 = F1 X P2• 
IJ1 
IJ1 
Table 2. A{talyses of variance, and estimates of gene effects for various agronomic, characters in.two 
winte~ wheat crosses.t 
' • ' ' ' ' ' ' Ttller ' ' ' ' Spikelet I Kernel 
Heading date Plant height number / 





~---..--.,,----,.--~--- > ~ - ~ .,..----- > ~ T ~ - -------- - --.- ~- - - ----------~-------~~----~~-------
Source df 
Replications 3 .600 .583 102.983* 6.317 138.000 3 .247* .465 
Additive-do~ina0ce 2 2.129** 18.614** 197.257** ll2.829** 836.200** 12.325** 87.048** 
model 
Additive effects 1 2.025* 34.225** 342.225** 225.625** 1651.225** 19.600** 166.919** 
Dominance effects 1 2.232* 3.004 52.289 .032 21.175 5.049* 7 .177 
Deviations from t~e 2 .371 1.486 15.093 21.822 24.200 .389 .441 
additive-dominance 
model 
Resi~uiil 12. .350 .583 19.942 20.025 52.167. 1.068 4.972 
Estimates of gene effects 
m 27.86±.19 26.46±.28 81.32±1.44 80.61±1.47 50.50±2.27 17 .47± .3Z 23.19±.68 
a .45±.19 -1.85±.27 5.85±1.39 4.75±1.42 12.85±2.19 -1.40± .31 -4.09±.66 
d -.89±.36 -1.04±.50 4.32±2.62 .11±2.69 -2.7,±4.15 1.34±.59 1.60±1.24 
*,** Signific.ant:: at the .OS i;tnd .01 levels, respectively when teste4 against a pooled e:i;-ror with 14 
df obtained by c~mbining the deviation and residual mean squares. · 




Character Association in a 
1 
Winter Wheat Cross 
ABSTRACT 
Knowledge of the degree of .;issociation among agronomic traits is 
useful in the choice of efficient selection procedures. Correlation 
coefficients were calculated from parental, F1, and F2 data of a cross 
between two cultivars of winter wheat (Triti~um aestivum L.) in order 
to assess the possibility of combining desirable characteristics from 
the parents. Path coefficient analysis was performed to show the 
magnitude of cause~and-effect relations among yield and yield components. 
The results i~dicated that earlier heading was associated with 
fewer spikelets per spike and heavier kernels. Taller stature was 
correlated with later heading, more spikelets per spike, and larger 
kernels. A non-negative genotypic correlation was found between tiller 
number and kernel weight indicating the possibility of deriving from 
this cross genotypes combining the high tillering capacity of one 
parent and the heavier kernels of the other. Path coefficient analysis 
at the genotypic level showed that kernel weight.exerted the highest 
direct and indirect effects upon grain yield. Therefore, more 
emphasis should be placed on kernel weight in selection for higher 
grain yield based on morphological characters. 
1To be submitted for publication • 
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Additiqnal index words: 'l't,f,ticum i;i.estivum L., Phenotypic co"J;"relation, 
Genotypic correlation, Enviromnental, correlation, .Path .coefficient, 
Yield components. 
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Derivation of selection indices and calculation of correlated 
response depend upon knowledge of the correlations.among the traits 
under consideration. Since the plant breeder is often.faced with the. 
problem of improving a number of characters simultaneously, and that 
he necessarily usee;; some sort of selection inde~, a be_tte:i;- understanding 
of the association among traits of agrono:inic.importance is needed for 
more efficient selection proceQure~. In wheat (Triticum aestivum L.), 
increasing grain yield potential is the major goal in most breeding 
programs. However, attempts to increase yield have.not always met with 
success, due in part to the susceptibility of this trait to environ-
mental fluctuations. The probl~m may be alleviated by considering 
subcharacters of yield that are more heritable. Grafius (6) visualized 
grain yield in oats (Avena sativa Lo) as the volume.of a rectangular 
parallelipiped with _the three edges corresponding to three yield 
components. However, an increase in one edge of the parallelipiped 
does not necessarily result in a corresponding increase of the volume, 
because the responses of the components are not biologicalJ,.y independent. 
In fact·negatiye associations among yield components are co-mroonplace in 
the literature (1,4,5,9). Adams (1) suggested that correlations of 
this sort arise primarily as a result of developmental processes 
regulating the formation and growth of the components. 
The objective of this stuQy was to investigate the interrelation-
ships among eight plant and seed characters and to deter:inine the 
relative importance.of the contribtition to yield of four yield 
components in a cross of winter wh~at. 
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MATERIALS AND METHODS 
The two parent cultivars used in.this study differ in level of 
expression for several agronomi~ characteristics. 'Centurk' is a 
bearded hard red winter wheat developed by the.Nebraska Agricultural 
Experiment Station and. the Agricultural Research Service, USDA. It is 
characterized by medium to early maturity, high tiller number, and 
relatively small kernels. 'Bezostaia l' is a beardless winter wheat 
developed in the USSR. It is earlier in maturity than Centurk, has a 
smaller number of tillers, but larger kernels. Both parents, the F1 
and F2 were grown in a randomized complete block design at the 
Agroµomy Research Station, Stillwater, during the 1972-73 crop season. 
Each of six replications contained one·plot for each of the non-
segregating generations and four plots for the F2 • Plots within a 
replicatJoµ consisteq of single rows 3 m long and 30 cm apart. 
Plants within a row were.15 cm apart making a total of 20 plants/plot. 
Th~ terminal plant from each end of a plot was excluded from the 
analysis to minimize bor~er effects. Data were recorded only on 16 
plants/plot since in several cases plants were missing or ha.d a poor 
growth. Where more were available, the 16 plants were chosen at 
random. Measurements on a per-plant Qasis were.recorded for the 
following characters: 
Heading date. E:~cpressed as days from March 31 to the date when 
th~ first spike on a plant had completely emerged from the flag-leaf 
sheatho 
Plant height. Expressed as the distance in centimeters between 
the base of the culm and the tip of the spike on the tallest tiller, 
awns excluded. 
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Tiller number. · Nu'.!Ilber of spike-bearing tillers per plant. 
Spikelets/spike. Nuwber of seed-bearing spikelets determined on, 
a ra:n.4om. ·spike taken from each plant. 
Kernels/spike. Number of seec;l obt~ined by threshing the above. 
spike. 
Kernels/spikelet. Calculateq as (kernels/spilce)/(spikelets/spike). 
Kernel weight. Expressed as gm/100 rando'.!Il ker~els. 
Grain yield. Expressed as gm/plant. 
Growing cor_iditions were gen,erally favorable during the 1972 .. 
73 crop season and response of tqe plants _was considerec;l normal. Mean 
yields for P1 (Cen,turk), P2 (BezostGtia 1), th~ F1 and F2 generatiqns 
were 12.4, 13.2; 14.0, and, 14.5 gm/pl,ant,, respectively. 






where cov (x,y)F represents the covariance between the characters x 
2 
and y, and (var x)F 
2 
and (var y)F 
2 
denote the variances of x and y, 
res.pectively. Variances and. covariances were based on measure'.!Ilents 
taken on individual, plapts of, the F 2 generat:i,on, and were est_imated 
by the within-plot mean s~uares and mean, products, respectively. 
as: 






((var x) e (var y) e )~ 
where cov (x,y) = ~ cov (x,y)P + ~ cov (x,y)F + ~ cov (x,y)P ; 
e, 1 1 2 
'. ~ 
(var x) e = ~ (var x)p + ~ (var x)F + ~ (var x)P ; 1 1 2 
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and a similar fopnula for (var y) • . . e In these expressions, cov (x,y)p 
1 
is the covariance between.-characters x and y measured on plants of 
parent P 1, etc. 
Genotypic correlations on an individual plant basis (rg) were 
calculatec;l as: 
r = g 
cov (x,y)F 
i 
[ (var x)F . - (var 
2. 
cov (x,y) e. 
While significance of the phenotypic and environmental correlation 
coefficienta, can be·determined in the usual way, no test is as yet 
available for evaluating the significance of the genotypic correlation 
coefficient calculated as above. However, th~ relative magnitude 
of that·. coefficient will reflect the degree of genotypic association, 
between two given characters. 
To gain more information on the relative contributions of specific 
traits to grain yield, a path coefficient analysis as described by 
Dewey and Lu (4) was performed at the. phenotypic, environmental and 
genotypic levels. Grain yield was considered as the rea,ultant 
variable and tiller number, spikelet/spike, kernels/spikelet, and 
kernel weight were the causal factors. Path coefficients were derived 
from the equation, z. = R l?.. where z. denotes .the vector of coefficients 
of corr~lation of yield with the four yield components mentioned 
above, R ·is a symmetric mtttrix whose ele~ents are the coefficients of 
correlation among the components, and l?.. is the vector of path 
coefficients. Solving that equation for l?.. necessitated the inversion 
of a .4 X 4 !, matrix. A path coefficient is a standardized partial 
regression coefficient and thus can exceed one in absolute value. 
Correlation coefficients, on the other hand, lie in the range of 





Coefficients of linear correlations among the various traits in 
all combinations are displayed in Table 1. With few exceptions, 
genotypic correlations were of greater magnitude than phenotypic or 
environment:al correlations. Phenotypic and genotypic correlations in 
general agreed in sign. Unless otherwise stated, further reference to 
correlations will indicate genotypic correlations. Heading date was 
positively correlated with plant height and spikelets/spike indicating 
that earlier genotypes were short~r and possessed smaller heads. 
Earlier maturing plants in this material also tended to have heavier 
kernels. Alt:hough statistically significant at the phenotypic level, 
the negative relationship between heading date and grain yield results 
more from environmental influences than genotypic association as 
indicated by the relative magnitude of phenotypic and environmental 
cQrrelations and the relatively low genotypic correlation. Taller 
kernels, and higher yield. Correlation of yield with its components 
characters will be discussed in the next section in connection with 
the path coefficient analysis. Although the phenotypic correlation 
of tiller number with kernel weight was.highly significant, the 
negative association between the two was due tq environmental 
influences (Table 1). Positive correlations were anticipated and 
indeed obtained between kernels/spike and each of spikelets/spike and 
kernels/spikelet as these last two traits are the obvious components 
of t:he first. However, the values of these correlations indicate 
that kernels/spikelet may play a greater role in the determination of 
kernels/spike. The data of Table 1 also show that kernel weight and 
kernels/spikelet are negatively associated, suggesting that the 
simultaneous selection for large kernels and greater kernels/spikelet 
may not be successful in this crosso 
Path Coefficient Analysis 
Path coefficient analysis was used here to partition the 
correlations of yield with the contributing components into direct 
and indirect effects (Table 2). At .the phenotypic level, tiller 
number had the highest direct effect upon grain yield. Kernel weight 
was the second h~ghe~t in its direct effect on grain yield. Direct 
contributions of spikelets/spike and kernels/spikelet seemed of 
little importance. 
The results of path coefficient analysis at the environmental 
level were similar to those at the phenotypic level e~cept that 
direct and net effects.were smaller in magnitude (Table 2). 
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At the genotypic level, direct effects and correlation ceofficients 
(net effects) were largest for kern.el weight, relatively smaller for 
spikelets/spike and kernels/spikelet, and negligible for tiller 
number. Direct effects in every case were counterbalanced by indirect 
effects of opposing sign stemming from negative associations among 
characters contributing to yield. Therefore, correlation coefficients 
at all levels were smaller in magnitude than the corresponding direct 
effects. 
DISCUSSION 
Physiological processes in plants have a direct bearing on the 
association among yield components (1), Understanding the process of 
plant and seed growth therefore appears necessary for drawing sound 
conclusions from correlations. In the development of winter wheat 
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in the Great Plains, two phases can be recognizeda The vegetative 
phase starts upon germination in the fall and extends until early 
spring, During this period, formation of leaves and tillers takes 
place. The second or reproductive phase starts in early spring and 
includes chronologically: initiation of spikes, development of 
spikelets, development of florets, fertilization, and seed-filling (3). 
Therefore, it can be assumed that a longer growing period in the 
vegetative stage should lead to a beiter green canopy and greater 
accumulation of reserves in early spring which would be conducive to a 
higher number of spikelets/spike, Our results are in agreement with 
this hypothesi.s. Rawson (8) noted that higher values for spikele.ts/ 
spike are associated with a longer period in the vegetative stage 
since it 1s during this period that potential spikelets begin to form. 
By the same token,genoytpes that head sooner should have a longer 
seed-filling period if the ripening process is not correspondingly 
shortened, This would explain why earlier genotypes tended to possess 
heavier kernels, Bhatt (2) and Weibel (10) obtained similar results a 
The positive correlation of late heading and taller plant 
stature is corroborated by similar findings of Fonseca and Patterson 
(5). These results suggest that selection for shorter plants would be 
beneficial through a correlated response for earliness. No obvious 
reason besides genetic relationships could be invoked for such an 
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association, 
Positive interdependence between plant height and kernel weight 
cannot be easily explained although Bhatt (3) attributed it to a 
greater photosynthetic area possessed by taller plants. More likely, 
this association is due to the correlation of each of these two traits 
with heading date, the basis of which has been mentioned earlier. 
In any case, such. relationship precludes the extraction from this 
cross of short~statured segregates with large kernels. This also 
was found to be the case in a number of instances (3,7,9). 
One of the important results of this study was the lack of 
negative association between tiller number and kernel weight. This 
could have been expected if genetic relationships were known to be 
absent, since these two characters develop at different stages of the 
plant life and, as a consequenc·e, have little probability of competing 
for environmental resources from a common pool. This result 
indicates th~t genotypes endowed with large kernels and high tillering 
capacity can be derived from this cross. The data however indicate 
that combining high kernel weight with a large number of kernels/ 
spikelet would be difficult. It is of course realized that the 
material in this study was space-planted; therefore, extrapolation 
of the results to other planting conditions cannot be made without 
caution. 
Correlation coefficients are used to characterize the intensity 
of association between two traits without regards to causation. Path 
coefficient analysis on the other hand shows the magnitudes of cause-
and-effect relationships and gives an insight into the behavior of 
the morphological traits as they interact with each other to produce 
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grain yield. Path coefficient analysis does.not determine what 
characters affect yield. It only indicates which of a number of 
variables postulated or known to affect yield has more or less influence 
on yield. In this study it was reasoned that yield is completely 
determined by tiller number, spikelets/spike, kernels/spikelet, 
and kernel weight. If other factors affect yield, they will do so 
only indirectly through their effects on these four components. 
Following this reasoning,it was found that the high direct effect of 
tiller number obtained at the phenotypic le~el is the result of 
environmental influences. On the other hand, the direct effect of 
kernel weight was highest among all·components at the genotypic level. 
These results do not greatly differ from those that would have been 
provided by a mere examination of correlations. However, the analysis 
of path coefficients further revealed that kernel weight exerted the 
greatest indirect influence on yield through its interaction with 
other yield components. Therefore, more emphasis should be placed on 
kernel weight in index selection for yield based on morphological 
characters. Our results also s,howed that conclusions from correlations 
or path coefficient analysis based solely on phenotypic data may be 
misleading since environmental influences may contribute significantly 
to the degree of association among characters. Whenever possible, 
genotypic correlation and path coefficients should be used in analyses 
of character association. 
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Table 1. Coefficients of phenotypic (P), environmental (E), andgenotypic (G) correlations among eight 
agronomic traits in a winter wheat cross. 
Plant. Tilier ____ Spikelets_F_ ~-KerneTsT--~ -~-kernels/- ~Kernel Grain 
Trait height number spike spike spikelet weight yield 
Heading date p 0.4724** -0.1172* 0.3688** 0.1056* -0.0928 -0 .1803** -0.1999** 
E -0.1397* -0.2237** 0.0449 -0.0083 -0.0436 -0.0254 -0.2464** 
G 0.6889 -0.0779 0.6119 0.1858 -0.1413 -0.4277 -0.2333 
Plant height. p 0.0285 0 .2720** 0. 0770 -0.0729 0.1881** 0 .1722* 
E -0.0983 0.0592 0.0239 -0.0036 0.0950 0.0165 
G 0.2476 0.4680 0 .1256 -0 .1425 0.3842 0.3904 
Tiller number p -0.0107 -0.0361 -0.0395 -0.2092** 0.7631** 
E -0.0205 0.0059 0.0239 -0~2972** 0.3742** 
G 0.0248 -0.1563 -0.2341 0.2017 -0.0041 
Spikelets/spike p 0.5773** 0.1028 -0.0747 0.0975 
E 0.5243** 0.0328 -0.0076 0.0942 
G 0.6517 0. 2114 -0,2446 0 .1077 
Kernels/spike p 0.8668** -0.1668** 0.1293* 
E 0.8656** -0 .1092 0.0683 
G 0.8767 -0.03217 0.1831 
Kernels/spikelet P -0.1686** 0.0987 
E -0 .1225* 0.0753 
G -0.3022 0 .1519 
Kernel weight p 0.2175** 
E 0.1862** 
G 0.3268 
*,**Significantly different from z~ro at P = 0.05 and 0.01, respectively. No test of significance is 




Taole 2. Path coefficient analysis of the direct and indirect effects of tiller number, spikelets/spike, 
kernels/spikelet, and kernel weight in a cross of winter wheat. 
Pathways of association Phenotypic Environmental Genotypic 
Effect of tiller number on grain iield 
Direct effect .8641 .4751 -.0403 
Indirect effect via spikelets/spike - • 0013 -.0021 .0025 
Indirect effect via kernels/spikelet -.0077 .0024 0.0569 
Indirect effect via kernel weight -.0920 -.1013 .0906 
Net effect (total correlation) .76~1 .3742 -.0041 
Effect of sEikelets/sEike on grain iield 
Direct effect .1196 .1032 .1668 
Indirect effect via tiller number -.0092 -.0097 -.0006 
Indirect effect via kernels/spikelet 00200 .0034 .0513 
Indirect effect via kernel weight -.0329 -.0026 - .1098 
Net effect (total correlation) .0975 .0942 .1077 
Effect of kernels/sEikelet on grain iield 
Direct effect .1947 .1023 .2429 
Indirect effect via tiller number -.0341 .0114 .0094 
Indirect effect via spikelets/spike • 0123 .0034 .0353 
Indirect effect via kernel weight -.0742 -.0417 -.1357 
Net effect (total correlation) .0987 .0753 .1519 
Effect of kernel weight on grain ~ield 
Direct effect .4400 .3407 .4491 
Indirect effect via tiller number -.1808 -.1412 -.0081 
Indirect effect via spikelets/spike -.0089 -.0008 -.0408 
Indirect effect via kernels/spikelet -.0328 -.0125 0.0734 





Several studies were conducted in order to investigate the nature 
of inheritance of a numoer of agronomic chqracters in winter wheat. 
A major part of tnis work was devoted to detecting epistasis as it 
affects the expression of certain agronomic traits in a set of winter 
wheat cultivars. In each of two experiments conducted in 1974 at one 
location, two cultivars (L1 and L2) and their F1 hyorid (L3) were 
crossed to eacn:of 10 cultivars used as testers. TheL1 and L2 
cultivars were different in each experiment but nine of the 10 testers 
were common t<;> both. The deviations (tester X 1 1 + tester X 1 2 -
2 tester X 1 3) were analyzed to provide a test for epistasis. Additive 
and dominance variation was estimated for those characters not affected 
by epistasis. Results of the two experiments were largely consistent 
regarding the detection of ~pistasis. Non-allelic interactions 
affected the expression of heading date, grain yield, and kernels/ 
spikelet, but not of plant height, tiller number, protein content, 
spikelets/spike, and kernels/spike. Epistasis was.indicated for 
kernel weight in one experiment but not the other. Expression of 
epistasis was influenced by the testers indicating that a limited 
number may be insufficient to detect non-allelic interactions for a 
character within a particular species. The presence of epistasis 
consistently detected for heading date~ kernels/spikelet, and grain 
yield indicates that estimates of additive and dominance variances 
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for those traits will be biased when procedures assuming no epi$tasis 
are used. · Th~refore, breeding techniq~es based on these estimates 
75 
may not produce. the desirec;l results.. Additive gene action was 
predominant i.n. both, experiments for protein content, spikelets/ spike, 
and kernels/spi~e, suggesting that improvement of those traits can be 
achieved through,sta"Q.dard selection procedures. Evidence.for dominance. 
gene action was found for plant height.and kernels/spike in. one 
experiment. Incomplet;e dominance towards taller plan.ts aJ;l.Ci partial 
dominance in the negative direction for kernels/spike were observed. 
In another study, F1 , F2 , B1 , a'Q.d B2 generations were derived from 
a Centurk X Bezostaia 1 cross and utilized in a space~planted experiment 
to obtain information concerning the genetic systems.controlling grain 
yield and related traits. The results indicated high values for narrow 
sense heritability anc;l genetic advance for heading date, ke~nel weight, 
and tiller number. Some of those estimates may be biased by genotypic 
X environment and non~allelic interactions. In effect, epistasis 
was found to contribute significantly to the genetic variation for 
headi~g date, plant height, tiller number, kernels/spikelet, and .grain 
yield. Additive effects were the main source of genetic variation for 
kernel weight e;uggesq.ng that selection fc;>r higher kernel weigh_t 
among F2 plan.ts of this cross should be effective. 
In a similar study invoiving two winter wheat c~osses, parents, 
F1 , B1 , and B2 were grown in a solid-seeded experiment to determine 
the gene action involved in the expression o~ various, traits. Only 
additive gene e~fects were significant for plant height, number of 
tillers/unit row, and kernel weight indicating possible improvement 
of these characters through .selection in early generati9ns. Heading 
date, on the other hand, was.controlled by genes with additive and 
dominance effects.which indicates that selection for this trait 
would be more effective if delayed until later generations. 
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Correlation coefficients were calculated from parental, Fl' and 
F2 data.of the previously describedCent;urk X Bezostaia 1 cross in 
order· to assess the pos~ibility of. combining desirable. characters from 
th~ parents~ Path coefficient analysis was als9 performed on the data 
in an attempt to show cause-and-effect; relationships among yield and 
its compone~ts. The results from this study indicated that earlier 
heading was associated with fewer spikelets/spike and heavier kernels~ 
Taller stature was correlated with later heading, more.spikelets/spike, 
and larger kernels. A non-negative genotypic correlation was found 
between tiller number, plant height ,and, kernel weight indicating the.· 
possibility of deriving from this cross genotypes combining the high 
tillering capacity of Centurk and the heavier kernels of Bezostaia 1. 
Path coefficient analysis at the genotypic,leveJ,. showed that kernel 
weight exerted the· highest direct and indirect effects upon grain 
yield. It was concluded that.more.emphasis should be.placed on kernel 
weight .in seJ,.ection for higher grain yield ba$ed on yield components. 
APPENDIXES 
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Appen,dix Table 1. Jylean eP,istatic deviqtic;ms · (L1 .. + L2j - 2L3J) ?Ssociat:ed w:i,.th indivic;lual testers for 
. a:Ll characters ,in Experiment .1. J 
Code H~qding Plan,t frotein Tiller Spik~lets/ Kernels/ ' Kernel Kernels/ Grain 
Tester nul)lber d~te· height co11tent . number spi~e spike weiE!jht.sEikelet y~eld 
' ' ' I . 
Cap rock 3 o.oo 3.25 1.15 l2.75 -1.20 -6.13 3.65 -0.194 -24.25 
Danne 4 -0.25 1.00 1.10 -0.75 0.35 2.28 l-76 0.095 15.50 
Sco11t 66 5 1.50 -11. 75 0.58 -0.25 -1.98 -5.55 -2.46 -0.096 -20.00 
Palo Duro 6 2.50 -1 •. 25 1.10 7.50 0.70 2.88 -2.30 0.09l 1.00 
A.gent;. 7 1.25 -3.00 -0.38 8.50 0.90 -2.88 4.25' -0.248 6.00 
Nicoma 8 2.50 0.500 1.10 7.75 0.98 2.98 -5.12 0.075 -2.75 
Osage 9 1.00 -5.QO 0.80 -6.50 -0.63 -0.33 10.35 0.052 18.00 
Blueboy 10 ~0.75 8.50 -1.58 13.25 2.00 8 .9S. -0.83 0. 242. 20.25 
Arthur 11 0~50 8.25 -0.73 0.50 2.10 15.03 -2.75 0.640 41.25 







Appendix Table 2. Mean epistatic deviations (L1 . + L2 . - 2L3J) associated with individual testers for all 
characters i~ Experiment 2 J J 
Co-cfe~He-ading-. PTant-~Protein --Tiller· Spikelets/ Kernels/ l{ernel Kernels/ Grain 
Tester number date height content number spike spike weisht spikelet yield 
l 4 I t 4 
Centurk 2 0.500 4.00 -2.23 -9.00 
Caprock 3 -1.75 -2.75 0.55 9.25 
Danne 4 -1.00 2.25 -2.50 21.00 
Scout 66 5 1.00 4.50 0.18 -1.25 
Palo Duro 6 2.00 -5,25 0.65 -1. 25 
Agent 7 0.500 -14.50 -0.50 -5.00 
Nicoma 8 -3.25 12.25 -1 0 28 5.00 
Osage 9 2.50 0.25 0.400 -7.50 
Blµeboy 10 1.00 -5.25 0.68 5.25 





















-5.40 0.566 7. 25 
-0.24 -0.087 28.00 
1.11 0.313 20.50 
9.24 0.087 32.00 
1.14 0.176 0.25 
2.14 0.014 -14.50 
7.05 -0.021 20.75 
3.77 0.056 -0.25 
-5.04 -0.003 -14.75 
2.48 -0.351 23.75 
00 
t--' 
,, .. ,.,. 
Appendi~ Table·3. Plot means for nine .char~c;:ter;s recorded for the J2 cultivars grown in Experiment.1 
at Stillwat~r, 1974 
.•· ·-· {/ -~ 
Heading Plant Protein Tillers/ Spikelets/ Kernels/ Kern'els/ ··Kernel' Grain 
date height CO]'.lte:Q.t 3 dm spike. spike spi\tE7let . weight yield 2 
Cul ti var (days) (cm)·. (%) (S!!!;f 1000 Ker • ) ~ ~/28 dm ) 
p : ' ' I t -. . iZSlllllllika 
Centurk. 28.25 8,6. 7 5 15.03 64,75 15.90 33.35 2.09 18.95 79.25 
Bezostaiq 1 27.25 74.50 15.50 37.73 18.83 35.03 1.86 Z7.42 65.25 
Caprock 25.QO 73.50 13.88 48.75 15.28 34.88 2.28 24.21 71.50 
Da~ne 26.00 89.25 11 \48 55.50 16.00 30.93 1.93 24.38 71.50 
Scout 66 30.00 94.75 14.60 62.75 15.25 28.43 1.86 24.41 69.25 
Palo Duro 30. 75 ' 79.25 16.83 71.25 14.60 23 .25 ' 1.60 20.72 49.00 
Tamwhe~t · 101 28.00 74,50 13.15 79.25 14.05 25.15 1.79 30.04 83.75 
Agent 30.75 94.75 16.7~ 51.75 15.00 28.55 1.90 20.73 58.50 
Nicoi;na 24.00 92.75 12.60 45.50 16.80 31.58 1.88 30.07 80.00 
Osage; 30.50 90.75 14.35 55.75 15.33 Z7 .80 1.81 22.24 76.75 
Blue boy 29.25 86.00 14.93 41.00 20.08 40.93 2.02 23.30 69.25 
Arthur 23.00 78.00 14,43 45.25 17.18 30.33 1. 76 27.40 82.75 
LSD.OS l.Zl 7 .92' 1.14 10.77 1.73 5.58 0.19 3.41 16.45 
00 
"" 
Appendix Taole 4. Plot meana for nine characte~s recorded for the.12 cultivars grown.in Experi~ent 2 at 
Stillwater, 1974. 
Uea~ing Plant :Protei~. Tillers/ $pi~elets/ Kernels/ Ker'nels/ Kernel Grain 
date height content 3 dm spike. spike spikelet weight. yield 2 
Cultivar . (di;i;y:s) (ems) (%) {gm/1000 ker,)(gm/28 dm) 
~ ' I •· ' ' ( 
Centurk 28.00 91.25 14.43 62.75 15.33 32 .o.s 2.08 18.68 89.00 
Triumph'. 64 24.50 84.75 14.30 53.75 15.03 26.65 1.77 25. 91 '• 79.50 
Caprock, 25.00 69.75 14.53 49.50 14 .6.0 Jl .98 2.18 22.71 64.75 
Danne 26.75 81.25 12.73 56.00 13.95 25.30 1.81 22.33 53.50 
Scqut 66 30.75 88.25 15.08 65.00 13.53 23.98 1.77 20.19 54.75 
Palo Duro 30.00 79.25 16.68 67.00 14.88 25.63 1. 72 16.78 53.50 
Tamwheat 101 28.00 74.75 13.40 62.75 13.93 24.23 1. 73 29.32 76.75 
Agent 31.50 95,SO 17.35 55.00 15.00 27.88 1"'.86 18. 71 52.50 
NiCOil18. 24.75 85.50 13.58 58.50 16.28 30.35 1.87 23 .92' 10.00 
Osage, 31.00 91. 75 14.88 62.75 15.63 30.15 1.92 24.18 83.25 
Blueboy 28.75 79.95 15.63 39.75 18.78 35.93 1.91 20.85 61. 75 
Arthur 23.50 74.50 15.40 52.50 16.95 29.85 1.76 26 .84' 86.25 
LSD.OS 0.91 5.11 ' 1.51 11.95 1.17 5.22 0.22 3.48 15.41 
00 
w 
Appendix T?ble 5. flot means for nine characters recorded for 20 single crosses involving the 10 testers 
and two lines grown in Experi~ent 1 at Stillw?ter, 19740 
,-~- · -- Heading---flant Pr-otein-- Tillers/---Spikelets/---r<ernels/ Kernels/ Kernel· Grain 
Cross date height content 3 dm spike. spike spikelet weight . yield .2 
(Texter X line) (days) (cm) (%) (gm/1000 Ker.) (gm/28 dm ) 
3 x 1 
4 x 1 
5 x 1 
6 x 1 
7 x 1. 
8 x 1 
9 x 1 
10 x 1 
11 x 1 
12 x 1 
3 x 2 
4 x 2 
5 x 2 
6 x 2 
7 x 2 
8 x 2 
9 x 2 
10 x 2 
11 x 2 


































































































































































































Appendi~ Table 6. Plot means for nine characters recorded for 20 single crosses involving the 10 testers 
and two lines grown.in Experitµent,2 at Stillwater, 1974. 
"-
Heading Plant Protein Tillers/ Spikelets/ Kernels/ Kernels/ Kernel Grain 
Cross date hei~ht content 3 dm spike spike spikelet weight yield 2 
(Texter X line) (da,ys) (c'IU) (%) (~/1000 ker .) (gm/28 dm ) 
2 x 12. 
3 x 12 
4 x 12 
s x 12 
6 x 12 
7 x 12 
8 x 12 
9 :x: 12 
10 x 12 
11 x 12 
2 x 13 
3 x 13 
4 x 13 
s x 13 
6 x 13 
7 x 13 
8 x 13 
9 x 13 
10 x 13 
11 x 13 
LSD.OS 

































































































































































































Appendix Taole 7. · Miq-parent heterosii;J (MP), better pa.rent heterosis (BP), and avera.ge direction of 
dominance (DD) determined from 40 single.crosses for nine charact;ers measured in two experiments 
at Stillwater, 1974. 
Experiment 1 Experiment- 2 
Charact;:er' MP BP DD MP. ·~~ BP~·~~~- DD 
Heading date· 10 3 -1.075** 6 0 -0.688** 
Plant height 10 3 5.063** 6 1 2.825** 
Protein content 1 0 -0.476** 1 0 -0.265 
Tiller number 0 0 --6.338** 0 0 -4.600** 
Spikelets/spike 12 3 1.459** 2 1 0.198 
Kernels/spike 5 0 2.381** 1 0 -0.048 
Kernels/spikelet 1 0 -0.026 0 0 _;0.023 
Kernel weight 7 3 2.747** 4 2 1.849** 
Grain yield 7 2 8.838 2 0 2.300 
** Significant at P = 0.01. 
The columns for MP and BP show the number of crosses (from a total of 20) exhibiting significant heterosis 
at P = 0. 05, Average direction of dominance (DD) was ca.J,culat;ed as i\ - ~ (T + L) , where F 1 , T, and L · 




AppendiJ!: Taole 8. Coefficients of phenotypic,correlations among nine chai;act;ers cal.culatec1 on a variety 
or cro~s mean bai;;is for parents. anc1 '.Fl· hybrids growl;l in Experimen~ 1 at Stillwater'· 1974. 
Planf.- ---Prot;ein ___ -Tiller -- -- --Spikeletsr-~Kernels/~~KerJ;J.e'ls7 · Kernel Grain 
·Character .. hei,ght. content . . number spike spike spikelet weight yield 
( ! . ' f • 4 . 
Heading .336 .606* • 496 -.249 -.i95 -.266 -.625* -.574 
date" .650** .iso .574** -.228 -.146 -.037 -.474* .365 
.295 .500** .563** -.342. -.308 -.150 -.567** -.240 
Plant -.040 .167 -.067 -.061 -.045 -.314 -.056 
height .224 .186 .253 .223 .083 •.393 .440 
.006 .028 .191 .151 .011 -.194 .232 
Protein .168 .012 -.117 -.245 -.570 -.674* 
Content .123 -.004 -.477,* -.597** -.020 -.179 
.165 -.036 -.277 .,..4oi* -.303 -.412* 
Tiller -.767** -.705* -.299 -.484 -.229 
:p,umbe:r; -.544* -.359 -.063 - • 26.5 .491* 
-.726** -.603** -.159 -.43~· -.029 
Spikelets/ .803** .191 .168 .057 
spike .596** .006 .037 -.016 
.765** .084 .246 .247 
Kernels/ .702 .002 .169 
spike .805** -.415 .071 
.703** -.087 .260 
00 
"'-.I 
Appen~:b: }aole 8 "Continued". 
Plant __ - Protein· Ti.lier Spi~ele1:87----------r<er11eis/-~-Kernels/ -Kernel - Grain 















Wor each comparison, the numbers in the top, middle, and bottom lines are correlation coefficients derived 
fr9m parents (10 ~f), F1 hybrids (18 df), and parents and F1 combined (30 df), respectively. 
00 
00 
Appendtx Taole 9. Coefficients of phenotypic correlations among nine characters calculated on a 
_variety or cross mean basis for parents and F 1 hybrids grown in Experiment 2 at Stillwater, 197 4. 
Plant. Protein Tiller Spikelets/ Kernels/ Kernels/ Kernel Grain 
G.naracter height content number spike spike spikelet weight yield 
Heading .602* .511 .380 -.199 -.189 - .102 -.557 -.416 
date .370 .405. .270 -.075 -.099 -.100 -.586** -.343 
.444* .500** .389* -.121 -.080 -.035 -.611** -.425* 
Plant .322 .264 -.074 -.168 -.201 -.319 - .193 
height .337 .048 .303 .006 -.210 -.059 -.006 
.258 .115 .066 -.109 -.208 -.090 -.070 
Protein -.062 .266 .145 -.079 -.571 -.303 
content -.104 .407 -.245 -.527* .024 -.085 
.008 .340 -.028 -.288 -.368* -.247 
Tiller -.662* -.663* -.300 -.135 .058 
number -.444* -.464* -.311 -.151 -.114 
-.510** -.455** -.216 -.277 -.099 
Spik"}lets/ .814** .126 .012 .255 
spike .538* -.013 - .162 .196 
.648** .044 -.092 .204 
Kernels/ .678* .130 .301 
spike .833* -.557* .298 
.787** - -.399* .238 
00 
\.0 
Appendix Tab le· 9 "Continued". 
Plant Protein Tiller ---spikeletsT ~-KerneTsT~- Kernels/ Kernel Grain 















For each comparison, the numbers in the top, middle, and bottom lines are correlation coefficients derived 
from parents (10 df), F1 hybrids (18 df), and parents and F1 combined (30 df), respectively. 
\0 
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Appendix Tafile 10. 
spikelets/spike, 
from parell:_ts and 
Path,coefficient analysis of tQ.e direct and indirect effects of tiller number, 
kernel~/spikelet, .~nd kernel weight as determined on a cultivar or cross mean basis 
F1 1s grown at,Stillwater, 1974. 
Pathways of assoc_iati_on _ __ __ _ _ _ _ __ __ _ _ _ _ Experiment 1 Experiment 2 
Effects.of tiller nµmoer.on.grain.ziel(l 
Direct effect .8611 .5930 
Indirect effect via spikele~s/spike -.4594 -.2874 
Indirect effect via kernels/spikelet -.0841 -.1437 
Indirect effect via kernel weight -.3466 -.2612 
Net effect -.0290 -.0993 
Effect of sEjkelets/s~ike o:q. gr~in Iield 
Direct effect .6325 .5639 
Indirect effect via tiller number -.6255 -.3023 
Indirect effect via kernels/spi~elet .0443 .0293 
Indirect effect via kernel weight .1959 -.0870 
Net effect .2472 .2039 
Effect of kernels/sEikelet on grain ii.eld 
Dire~t; effect .529.5 .6640 
Indirect effect via tiller :q.umber -.1~67 -.1283 
Indirect effect via spikelets/spike .0529 .0249 
Indirect effect via kernel, weight -.2980 -.4092 
Net; effect .1477 .1514 
Effect of kernel weight on srain Iield 
Direct ef feet· - · · · · .7969 .9427 
Indirect effect via tiller number -.3745 -.1643 
Indirect effect via spikelets/spike .1555 -.0520 
Indire~t effect via kerrtels/spikeiet -.1980 -.2882 
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